Intuitively, the complexity of a given DNA sequence is related to the number of various superimposed biological messages it contains. Here we assess the expectation that in nucleosome DNA sequences of lower linguistic complexity, the nucleosome DNA positioning pattern would be more pronounced than in those of higher linguistic complexity. The nucleosome DNA positioning pattern is one of the weakest (highly degenerate) sequence patterns. It has been extracted recently by specially designed multiple alignment procedures. We applied the most sensitive of these procedures to nearly equal subsets of a nucleosome database separated according to linguistic complexity. The pattern extracted from the subset of the simpler nucleosome sequences not only possesses all major attributes of the known nucleosomal pattern, but is substantially stronger with respect to amplitude in comparison with the total database. This result constitutes the first demonstration that a weak pattern can be significantly enhanced by selective treatment of a lower complexity subset of the sequence ensemble under consideration.
INTRODUCTION
In addition to packaging DNA into a dynamic chromatin structure, nucleosomes can, by virtue of their positions along the DNA sequence, play an essential role in gene repression and other regulatory schemes (1) . Many mechanisms have been proposed for nucleosome positioning and most of them have found some experimental support (see 2 for a review). Most notably, it is clear that the DNA sequence itself is instrumental in determination of nucleosome phasing; the positioning signal in the sequence, however, is very weak, difficult to extract and hence not fully understood.
This signal is believed to be related to the anisotropic deformability (bendability) of DNA wrapped around histone octamers (3) (4) (5) , which is strongly influenced by sequencespecific interactions between neighboring nucleotides. Remarkably, certain dinucleotides, in particular the complementary pairs AA and TT, are known to display regular patterns of recurrence in nucleosomal sequences (3, 6, 7) , the periods of which mirror the helical repeat of DNA in chromatin.
Although positional distributions of dinucleotides other than AA/TT also characterize the full nucleosomal pattern (8) , the dinucleotides AA and TT are clearly the main contributors to the nucleosome positioning signal. In a recent study (7) we were able to discern the following major attributes of the DNA nucleosomal pattern: (i) both AA and TT dinucleotide positional distributions display detectable periodicity, with a period of 10.3 ± 0.2 bases; (ii) TT dinucleotides appear to be distributed symmetrically relative to AA dinucleotides of the same DNA strand, with the center of symmetry at the midpoint of the nucleosome core DNA; (iii) the phase shift between the AA and TT patterns is ∼6 bp.
These features of the nucleosomal pattern were revealed through the application of several multiple alignment procedures to a database of nucleosomal sites. As we have shown previously (7) , the main features of the extracted pattern do not depend on the algorithm used to derive them and, in particular, the pattern obtained by one of the applied techniques (we called it 'statistical multicycle consecutive multiple alignment') possesses practically all the features of the final refined pattern. Since the nature of DNA-protein recognition in the nucleosome and the strength of a corresponding sequence signal differ so substantially from other studied DNA-protein interactions, we used this procedure rather than other widely used methods of multiple alignment for pattern extraction (see 9 for a review).
One reason for the DNA nucleosomal pattern being weak and fuzzy is the necessity for chromatin unfolding during replication and transcription. To facilitate these processes, neither binding of the histone octamers nor the corresponding sequence signal should be very strong. The degeneracy of the weak nucleosome pattern, on the other hand, ensures minimal interference of the pattern with many other superimposed messages encoded in the DNA sequence (10) . It is natural to assume that the greater the number of biological messages (i.e. patterns of various kinds) the nucleosome sequence carries, the fewer options remain free to serve the nucleosome positioning signal. In other words, in complex sequences the weak nucleosome pattern might be even weaker.
Experimental nucleosome sequence data are needed to reveal attributes of the nucleosomal pattern. It would be perfect if such a database could be developed from results of a hypothetical experimental technique of nucleosome mapping, which would precisely indicate the nucleosome center position along the DNA sequence. In reality, however, only a small proportion of the nucleosome DNA sequences available from the literature have been mapped with a high degree of accuracy with regard to a nucleosome center (±1 base, three possible positions of the center). For most the uncertainty of mapping is higher, ranging up to ±55 nt (or 111 possible positions of the nucleosome DNA sequence midpoint). The most recent release of a database (11), referred to below as the Nucleosome Database, includes a total of 204 sequences, sorted in order of descending accuracy of their experimental mapping (7 and supplementary material; see also 11, 12) .
Of many biomolecular messages or codes in existence (13) (14) (15) , only a few general codes are currently known (see 14,16 for reviews). The most 'complex' DNA sequences may carry an unknown large number of biological signals, with the same base utilized simultaneously in several functionally independent messages. Any of several existing criteria (13, (17) (18) (19) ; see also 20,21 for reviews) can be adapted or applied directly for quantitative evaluation of the complexity and by extension its influence on the nucleosomal sequence signal. We have chosen in the present study to use the computationally simple linguistic complexity measure (13) for this purpose, though, again, other measures, for instance algorithmic complexity or the minimal description length principle (22) , could also in theory be used to distinguish simple sequences from complex ones.
According to our calculations, nucleosome sequences indeed display an appreciable range of complexity values. Assuming that complexity is a reflection of the degree to which various messages are superimposed, one would expect that the nucleosomal pattern, present in all the nucleosomal sequences, should have a stronger expression in simpler sequences, i.e. those of lower complexity. In other words, it was our expectation that application of the multiple alignment routine (6, 7, 23) to a subset of the simpler sequences in the Nucleosome Database should produce a sharper and stronger pattern than that extracted from the database as a whole. The results of this study demonstrate that this expectation was successfully met.
MATERIALS AND METHODS

Linguistic complexity of nucleosomal sequences
The linguistic complexity measure (13) exploits the major distinguishing feature between natural nucleotide sequences and uniformly random ones: the repetitiveness of the natural sequences, i.e. the frequent repetition, not necessarily a tandem one, of some oligonucleotides ('words'), while others are avoided. Thus, more complex sequences have richer oligonucleotide vocabularies, while repetitious sequences have relatively lower complexities. Complexity (C) can be directly calculated as the extent to which the maximal possible vocabulary (all word sizes considered) is utilized in a given strength of sequence; vocabulary usage (U i ) for oligomers of a given size i can be defined as the ratio of the actual vocabulary size of a given sequence to the maximal possible vocabulary size for a sequence of that length. For example, U 2 for the sequence ACGGTAAGCTGATTCCA = 16/16 = 1, as it contains all 16 of 16 possible different dinucleotides and is therefore maximally complex on a dinucleotide basis; for the sequence ACACACACACACACACA, however, U 2 = 2/16 = 0.125, as it has a simple vocabulary of only two dinucleotides. For short oligomers maximally complex usage is defined as equal or closest to equal usage; in the first example, therefore, U 1 = 17/17 = 1 (A is used five times, C, G and T four times each), while for the second sequence U 1 = 9/17 (only A and C are used, exceeding 5+4 occurrences of the maximal vocabulary). For any fragment of length n complexity is calculated as
This value, C, provides a natural measure of sequence complexity in the convenient range 0 < C ≤ 1 for various sequences of a given length. To characterize a relatively long sequence, the values C could be calculated for all subsequences within that sequence of fixed length, or 'window size'. The mean value of the complexity of all such fragments would then be taken as the complexity value for the longer sequence.
The program written to calculate complexity in the present analysis utilized a window size of 17 bases, although in principle any other window size could equally well have been used. In Figure 1 the smoothed distributions of the complexity values along two different sequences are presented. The upper curve reflects the distribution of the complexity values for sequence 18 from the database, the Saccharomyces cerevisiae 5S rRNA, gene mapped with an accuracy of ±4 bp with regard to the nucleosome center (24) , whereas the lower curve corresponds to sequence 27, the frog Xenopus vitellogenin B1 promoter, with the same ±4 bp accuracy of mapping (25) . The curves were smoothed by a running window of 50 bases for the purposes of clarity. The complexity values vary significantly along the sequences, but an averaged complexity value for the rRNA gene fragment is higher than the averaged complexity for the other fragment. Accordingly, the more complex sequence 18 belongs to a subset of complex sequences, while sequence 27 belongs to a subset of simpler sequences.
The programs for the calculation of complexity, mapping and multiple sequence alignment are available from the authors upon request.
Nucleosome DNA sequence database
During the last decade many nucleosome DNA sequences have been determined using various experimental approaches. The latest release of the compilation of nucleosome sequence data consists of 204 sequences from 18 eukaryotes and three viruses, along with source references (supplementary material to 7; see also 11, 12) . The data were taken from both in vitro and in vivo nucleosome mapping experiments. Each record in this database indicates the center of the mapped nucleosome in the sequence as well as the accuracy (published or evaluated) of the mapping. To allow extra space for the purposes of alignment, the records contain 400 bp long sequence fragments, with position 200 corresponding to the center of the nucleosome as determined in the particular experiment.
The multiple alignment algorithm
The principle of the algorithm is that the DNA sequences represented by AA and TT dinucleotide matrices are aligned (24), and sequence 27, the frog Xenopus vitellogenin B1 promoter (25) . The upper curve shows the distribution of complexity for sequence 18, whereas the lower curve corresponds to sequence 27. The curves are smoothed by a running window of 50 bases.
consecutively one at a time with the pattern derived from alignments obtained at earlier steps. In other terms, at a step K the shift of the Kth nucleosomal sequence is determined so as to maximize the sum of scores of pairwise alignments of the Kth sequence with K -1 sequences aligned at previous steps. The sequences have been best matched consecutively by the AA and TT dinucleotides to the two line matrix of AA and TT frequencies obtained for previous sequences, gaps and deletions not allowed. The best match provides maximal correlation between the current matrix and the sequence. One can assume that the alignment obtained in one such cycle is a suboptimal one for the aligned K sequences. This depends, however, on the order in which the sequences are matched, therefore, one cycle of the procedure cannot provide a final pattern. Consequently, this procedure should be repeated many times, choosing different sequence orders. The resulting matrices are then averaged. For a more detailed description of a multicycle consecutive alignment see Ioshikhes et al. (7) and Bolshoy et al. (23) .
Spectral analysis of the dinucleotide distributions
After subtraction of the 'non-oscillating' background, the oscillating part was approximated by a sinusoid. Its amplitude was calculated from the corresponding coefficients of the Fourier spectrum (Kolker and Trifonov, submitted). Amplitudes calculated as described for all periods of interest form an amplitude spectrum, which can be used for evaluation of the presence and significance of the expected periodic component.
RESULTS
High and low complexity subsets of the Nucleosome Database
The program written to calculate linguistic complexity was The complex and the simpler sequences were subsequently analyzed for the presence of AA and TT periodicity by applying the multiple alignment technique and the results were compared with the results for the database as a whole.
Periodically distributed AA and TT dinucleotides in complex and simple nucleosome sequences
Our original statistical multiple alignment procedure was applied separately to the whole Nucleosome Database and to the two subsets described above; the patterns were obtained both for AA dinucleotides and for TT dinucleotides. It is evident from these that the distribution of TT dinucleotides is essentially symmetrical with that of AA dinucleotides, with the center of symmetry at the midpoint of the nucleosome DNA sequence (7) . As in the original study, the AA and TT distributions were combined by the rules of symmetry in order to improve the quality of the patterns, i. As the most important attribute of the nucleosomal pattern is its periodicity, spectral analysis was applied to all extracted profiles to clarify the periodic distribution of dinucleotides. In Figure 2 the AA sym profiles generated by this procedure and their amplitude spectra are shown.
In the symmetrized AA distribution obtained from the 114 complex sequences (Fig. 2a) , neither the characteristic periodicity nor other typical features of the nucleosomal pattern are seen. The spectrum of this distribution shows no major peak in the neighborhood of 10 bp. There is a small peak at 10.25 bp with an amplitude of 0.0094, which is close to the background amplitude. Clearly, had we had only these complex sequences in the Nucleosome Database, we would not be able to extract any salient pattern from them. (This is not to say, however, that these sequences do not carry the nucleosome pattern at all.) The symmetrized pattern extracted from all 204 sequences of the Nucleosome Database (Fig. 2c) , on the other hand, has a major period of 10.15 ± 0.2 with an amplitude of ∼0.017. This, we then expect, should be due in large part to the added input of simpler nucleosome sequences. Indeed, the symmetrized pattern extracted from the 90 simple sequences (Fig. 2b) has evident periodicity and the spectrum shows a large major peak at 10.55 ± 0.2 with an amplitude of 0.020.
This tendency remains detectable when not only the symmetrized patterns but also the initial AA and TT profiles are compared separately (data not shown). The distribution of AA dinucleotides along the simple nucleosome sites resembles an enhanced version of the distribution calculated for the total database: maxima and minima are placed at virtually the same positions. Apparently, the simpler sequences carry all the features of the AA distribution for the total database, but with reduced noise. The amplitude of the period of 10.25 ± 0.2 in the AA dinucleotide spectrum of simpler sequences is 0.031. This is the highest value for amplitude of the nucleosome pattern observed in our analyses thus far (see discussion of this issue in 23).
DISCUSSION
The DNA nucleosomal signal is known to be very subtle. In the current study we have laid the basis for a novel method that can provide an answer in an easier and more effective way. The broader problem implicit in this study is that of selecting the most representative subset of a whole database without prior knowledge about a hidden pattern the database contains.
We have formulated a specific prediction on the basis of several assumptions: (i) that the DNA nucleosomal positioning pattern, present in all nucleosome sequences in the database, is expressed more strongly when the 'background noise' of other, interfering messages is reduced; (ii) that sequence complexity and, specifically, the linguistic complexity measure is an appropriate tool to select DNA nucleosome sequences with minimal interfering informational context, since the complexity of a sequence presumably reflects the number of overlapping messages present within it; (iii) that the chosen multiple alignment technique is adequate for extracting the nucleosomal pattern, despite a reduced number of sequences in the ensemble.
The method of linguistic complexity analysis
The method was introduced by Trifonov (13) . Equation 1 is taken from this article and provides a measure of the richness or non-repetitiveness of a given text. Among the results presented in that publication were: (i) that translated sequences have generally higher complexity as compared with non-translated ones; (ii) that translated sequences of eukaryotes are usually less complex than translated prokaryotic sequences. These observations illustrate the relevance of the linguistic complexity measure for analysis of nucleotide sequences.
Indeed, the higher complexity evinced in prokaryotic sequences might be expected a priori, as in both DNA and RNA they are essentially open for various interactions, i.e. they carry many messages, unlike eukaryotic sequences, which are excluded from many interactions by folding in chromatin and hnRNP structures. The finding that translated sequences are characteristically more complex than non-translated ones fulfils yet another natural expectation: whatever other overlapping biological messages are present, the coding sequences carry one extra message (the protein translation code) and should thus have greater complexity.
Another known technique, the method of local compositional complexity (LCC), has independently yielded very similar results: (i) eukaryotic DNA is 'simpler' than bacterial DNA; (ii) the mean LCC is different for introns and exons (19) . We believe that a tentative division of the Nucleosome Database into complex and simpler subsets by the LCC measure should lead to very similar results. The comparison of different methods of measuring complexity, however, was not a goal of the study at hand.
Evaluation of possible artifacts
The Nucleosome Database consists of 204 different nucleosomal sequences available in the literature, with a wide range of experimental accuracies in mapping of the nucleosomes. The multiple alignment procedure works more effectively for more accurately mapped sequences, thus it might be more effective for simpler sequences if it happened that the linguistic complexity measure selected preferentially more accurate sequences as simpler ones. However, as we indicated in Results, the distributions of experimental error in the simpler and complex subsets are rather similar, thus excluding this possibility. Another possible artifact could be a preferable selection by the complexity criterion of the nucleosome sequences from certain species. This possibility is to be rejected as well, since various species are found to be distributed practically uniformly between the two subsets (see Results).
The Nucleosome Database consists of sequences that were taken from both in vitro and in vivo nucleosome mapping experiments. There are many cases known which demonstrate that DNA-histone interactions are sufficient to position the nucleosomes (e.g. 23, 26) . The DNA binding sites from in vivo experiments may, however, exhibit a rather weak sequence pattern, since nucleosome positioning in vivo may involve other factors absent in in vitro experiments. Possible domination of in vitro data in the lower complexity half of the database may thus imitate the observed effect of enhancement of the signal. Analysis of the Nucleosome Database shows that there are only 33 in vitro fragments among the total 204 sequences. Twenty of these in vitro sequences belong to the subset of simpler sequences, which is, obviously, a statistically insignificant excess. Thus this possible artifact can be rejected as well; the in vitro sites provide only a small part of the nucleosomal signal extracted from the subset of simpler sequences.
Another potential artifact may be due to the AA/TT content of the nucleosome sequences. The low complexity sequence subset may be biased towards a high AA/TT content, which makes the sequences simpler. As Table 1 demonstrates, the low complexity sequence subset is indeed somewhat biased towards a high AA/TT content. However, AA/TT content does not necessarily mean that the AA/TT periodicity should be stronger. The CC/GG content of the same subset is lower (Table 1 ) but the amplitude of the CC (GG) periodic component calculated as in (8) is higher for the subset of simpler sequences (data not shown). Obviously, not only AA/TT components of the nucleosomal pattern are expressed more strongly in the simpler sequences and there is no correlation between composition and respective amplitudes of periodic components. Among simpler sequences 25 actually have an AA+TT content lower than average. We thus conclude that signal enhancement in sequences of lower complexity is not a reflection of AA/TT composition. The analysis described presents only an indirect account of the influence of other (largely unknown) sequence patterns. Strictly speaking, our studies demonstrate only that the particular technique of pattern extraction used in this work gives better results on a certain subset of the database than on the whole set. It is possible that the simpler sequences do not in fact carry any stronger a pattern; rather, this subset could somehow be better suited to the multiple alignment routine, which might generate the periodic signal by itself. Against this possibility stand results of experiments performed in silico (23) . In that work, the multicycle consecutive alignment technique was calibrated on a simulated system of random sequences with an introduced weak periodic signal; a periodic variation of occurrence of the dinucleotides AA and TT with the period 10.33 bases and approximately a half-period relative phase shift was taken as a signal imitating the nucleosome DNA pattern. These simulations showed that signal components with amplitudes as small as 0.02 could be successfully extracted from the model database. Thus there is fairly good evidence that the multicycle routine indeed extracts an existing signal and that the strength of the resultant pattern is not merely an artifact of the procedure.
Periods of the nucleosomal pattern and of individual sequences
Although the multiple alignment procedure has proved its efficiency when applied to model sets (23) , to the full size database and to a subset of simpler sequences, it does not show the 10.3 base periodicity characteristic as a dominating feature in the set of sequences with high complexity. Does this mean that the complex sequences do not contribute to the final nucleosomal pattern? Due to the sophisticated iterational nature of the applied routine, there is no obvious way to estimate contributions of individual sequences to the final pattern. However, one can estimate the amplitudes of the AA and TT periodic distributions along individual sequences using the output value of the period 10.3. These amplitudes were obtained with the same spectral analysis procedure as that used to extract the characteristics of the patterns shown in this paper. The simpler sequences have an average amplitude of 0.026, while the average for the complex sequences is 0.020 (see Table 2 for a more detailed description of the two distributions). These data show that although the fraction of periodic sequences for AA(TT) distributions is larger in the set of simpler sequences, the set of more complex sequences does, indeed, contribute to the overall pattern.
The value of 10.3 for the nucleosome DNA period is chosen for reasons discussed previously (7) . A confusion may arise from the observed scatter of the values of periods obtained by spectral analysis: the final pattern has the major period at 10.3, while the intermediate patterns obtained by the consecutive alignment have major peaks at ∼10.15 for AAs and ∼10.5 for TTs (7); analysis of positional double autocorrelation functions for CCs and AAs reveals 10.0 and 10.1 bp respectively (8) ; the period of the symmetrized pattern of the simpler sequences is ∼10.5, while before symmetrization it is 10.25. For the individual sequences values of period may vary over a wider range. Different methods of multiple alignment and different subsets of the sequences of the database thus reveal seemingly non-identical periods. However, they are all consistent with an averaged estimate of 10.3 ± 0.2 bp. To improve the accuracy of this estimate a much larger database is necessary.
Possible applications of the complexity selection approach
Many studies of biological patterns involve collections of functionally equivalent sequences (FES) from which the pattern must be extracted (for a review see 16) . Usually the pattern is presented in the form of a profile, calculated with equal weight assigned to all of the sequences in the collection. It is clear, however, that the quality of the hidden degenerate pattern may be very different for different sequences in the set, which have varying signal-to-noise ratios and thus should not be treated equally in calculation of the profile. However, since neither signal nor noise are normally known in advance, appropriate weights can be ascribed to the sequences only a posteriori. The complexity discrimination approach proposed here allows a priori identification of the sequences more likely to have smaller signal-to-noise ratios, by calculating the complexities of all the sequences in the collection (e.g. by the measure of linguistic complexity, as in this work) and removing or giving less weight to those that are most complex. We believe that this approach will prove useful in the extraction of other degenerate biological signals, such as eukaryotic or prokaryotic promoters or various weakly expressed transcription factor binding sites. This study provides only a single illustration of a potentially important approach utilizing sequence complexity for the analysis of overlapping degenerate patterns. Further studies are necessary to fully realize this potential. 
